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Abstract 24 
The objective of the study was to assess the performance of a new parameterisation 25 
scheme of ground heat flux (G) for retrieving surface fluxes from remote sensing data 26 
(MODIS-Terra). Formulae that are based on empirical relationships relating G to net 27 
radiation, Rn (G = α Rn, α being a function of a vegetation index, VI) are currently 28 
used, but presented drawbacks, especially in bare or sparse vegetation areas because 29 
of the poor adequacy of VI-based relationships to account for changes in soil 30 
moisture. In this study, we proposed to link α to the evaporative fraction, EF. In a first 31 
step, using a non-dimensional form of the surface energy balance, we demonstrated 32 
that α is functionally related to EF and to the ratio γ = G/H (H = sensible heat flux). In 33 
a second step, we proposed an EF-based parameterisation of α, using ground fluxes 34 
data sets collected throughout the years 2005, 2006 and 2007 at four flux-tower sites 35 
in West African countries (Mali, Benin, Niger) that differ in surface conditions and 36 
Monsoon influence. The analysis indicated that the average site-specific values of α 37 
and EF were well described by a linear relationship of the type α = a EF + b, with a = 38 
-0.22 and b = 0.23. In a third stage, we investigated whether ET-retrieval from remote 39 
sensing information (MODIS-Terra) using the new parameterisation of α perform 40 
better than the classical formulation through VI-based relationships. We found that 41 
the retrieved values of H using the new parameterisation supplied the best agreement 42 
with the observed ground data and significant improvement with respect to estimates 43 
from α-VI relationships. Advantages and limitations of the proposed parameterisation 44 
scheme were discussed. 45 
 46 
Key words: remote sensing, ground heat flux, sensible heat flux, evaporative fraction, 47 
vegetation index 48 
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 49 
1. Introduction 50 
Knowledge and prediction of energy partitioning at the land surface is of primary 51 
importance in many issues related to the impact of land use on water resources and 52 
climate, desertification processes and land productivity, among others. In particular, 53 
evapotranspiration (ET) is an important component of the surface energy balance 54 
(SEB), whose knowledge is of high interest for the abovementioned issues. ET is a 55 
necessary input to global climate and hydrological models, and a direct output for 56 
applications to irrigation scheduling and agricultural water management. In fragile 57 
ecosystems such as the semi-arid regions of the African Sahelian belt, with scarce 58 
water resources and frequent drought events, adoption and fostering of suitable 59 
rainfed/irrigation practices are of paramount importance to maintain the balance 60 
between water demand and water resources. In these areas, characterising the spatial 61 
and temporal changes in ET constitutes valuable information to be used and integrated 62 
into early warning systems and water management tools (Zschau and Küppers, 2003; 63 
Boken, 2009; Hellegers et al., 2009).  64 
 65 
Remote sensing (RS) data provided by optical sensors on board of Earth Observation 66 
(EO) satellites are currently used to estimate the spatial distribution of SEB 67 
components, by retrieving them from specific algorithms based on the closure of the 68 
energy balance equation: 69 
 70 
 Rn = λE + H + G       (1) 71 
 72 
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where Rn is the net radiation, λE is the latent heat flux, H is the sensible heat flux and 73 
G is the soil heat flux. 74 
 75 
Since the 1980s, there has been an increasing effort to develop methods for estimating 76 
ET from remote sensing data (among others: Norman et al., 1995; Bastiaanssen et al., 77 
1998a, b; Carlson et al., 1995; Roerink et al., 2000; Nishida et al., 2003; Jiang et al., 78 
2004; Courault et al., 2005). The potential of using thermal infrared observations from 79 
space has been widely explored and significant progress has been made, as underlined 80 
by recent papers reviewing the main methods to retrieve the evaporative fraction (EF) 81 
from remote sensing and summarizing the theoretical assumptions, advantages and 82 
limitations of each of them (Verstraeten et al., 2008; Li et al., 2009). Kalma et al. 83 
(2008) offer a comprehensive survey of published methods known to date, pointing 84 
out the main issues and challenges to address in the future. A critical point that has 85 
not been yet addressed in details in the assessment of the performance of the ET-86 
retrieval methods is the uncertainty resulting from the parameterisation of the 87 
available energy term, A = Rn – G, and especially of the term G, which can reach high 88 
values in arid and semiarid countries. As the other fluxes, λE and H, are obtained from 89 
λE = A × EF and H = A × (1 – EF), the importance to get a suitable parameterisation 90 
of both Rn and G is obvious. Concerning net radiation, there are several methods (e.g. 91 
Allen et al., 1998; Bisht et al., 2005; Batra, 2006) that can provide reliable estimations 92 
of area-average Rn using remote sensing information such as land surface temperature, 93 
albedo and atmospheric transmittance. The problem to get reliable estimates of G is 94 
much more complex, due to the combined effect of soil moisture and land surface 95 
properties on this flux.  96 
 97 
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Ground truth validation of RS algorithms is not straightforward because of the 98 
difficulty in obtaining reliable pixel-averaged values (e.g. 1 km2) of the SEB 99 
components. If relatively accurate ground measurements of area-averaged λE and H 100 
can be obtained, generally by means of the eddy-covariance flux-towers (McCabe and 101 
Wood, 2006; Mu et al., 2007; Scott, 2010), the issue of getting reasonably-accurate 102 
measurements of area-averaged soil heat flux, G, is still to be resolved. The two main 103 
causes of the large errors in measuring are (i) the recognised lack of accuracy of the G 104 
measurement methods (see, among others, Oschner et al., 2006) and (ii) the sampling 105 
error in sparse vegetation covered areas. Even with a large network of sensors around 106 
the flux-tower, the footprint of G measurements remains very small compared to the 107 
footprint of the fluxes measured by eddy correlation (Schuttemeyer et al., 2006). The 108 
combination of the two types of errors results generally in rather imprecise ground 109 
data of G, and in large uncertainties when upscaling from point measurements to EC 110 
footprints or to large pixels. Prediction of G can be improved by means of analytical 111 
or numerical tools based on the resolution of the heat diffusion equation. The tools 112 
differ in their needs of local measurements of surface temperature, soil temperature 113 
profile, soil moisture, or air temperature (Wang and Bras, 1999; Verhoef, 2004, 114 
Murray and Verhoef, 2007a, b; Nunez et al., 2010. Wang and Bou-Zeid, 2012; 115 
Verhoef et al., 2012). These physically-based methods are universal, but highly 116 
demanding in input data and rather complex to handle. 117 
 118 
The alternative to numerical methods is the empirical approach based on 119 
experimentally-derived relationships between G and one of the components of the 120 
surface energy balance equation. The simplest approach is to consider G as a constant 121 
fraction of Rn (α = G/Rn). Typical recommended values for α range from 0.15 to 0.40 122 
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in the literature for different types of surface (Brutsaert, 1982; Choudhury, 1987; 123 
Humes et al., 1994; Kustas and Goodrich, 1994). Although this approach has been 124 
widely applied (Deardorff, 1978; Norman et al., 1995, 2000; Mecikalski et al., 1999; 125 
Crawford et al, 2000) many studies have shown that α is not constant in space or in 126 
time and is highly dependent on soil moisture, soil texture and vegetation cover 127 
(Clothier et al., 1986; Kustas et al., 1993). Therefore another commonly used 128 
approach is the estimation of α as a function of Rn and a vegetation index (VI), 129 
generally NDVI (Kustas and Daughtry, 1990; Moran et al., 1994; Bastiaanssen et al., 130 
1998a; Jacobsen and Hansen, 1999; Friedl, 2002). In the last years, the 131 
parameterisation proposed by Su (2002) using the cover fraction (fc) as predictive 132 
variable was often adopted (e.g., Tang, 2010), appearing as a standard empirical 133 
method for retrieving G. Although such a formulation allows accounting for the effect 134 
of vegetation cover on G, it presents drawbacks in bare or sparse vegetation areas due 135 
to the low responsiveness of VIs to changes in soil moisture conditions and to the 136 
weak correlation between instantaneous values of G and weekly or biweekly 137 
estimates of vegetation indices.  138 
An alternative to parameterise G is to consider that G is more closely linked to the 139 
sensible heat flux, H, than to Rn. This hypothesis was used since the 70s to estimate G 140 
in atmospheric circulation models. Bhumralkar (1975) tested the relationship G = γH 141 
(with γ = constant throughout the day = 0.30) and compared its performance with 142 
other parameterization schemes. The experimental study of Berkowicz and Prahm 143 
(1982) concluded that G can be considered proportional to H in three contrasted sites, 144 
while Cellier et al. (1996) parameterized the ratio G/H as a function of daily mean 145 
wind speed. However, Liebethal and Foken (2007) evaluated six parameterisation 146 
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approaches for G, concluding that H-based relationships do not supply the best 147 
performances among the tested approaches. 148 
 149 
In this study, we hypothesised that more realistic estimates of G could be obtained by 150 
directly linking the parameter α to the evaporative fraction, EF, the latter being more 151 
responsive than VIs to soil moisture in sparse vegetated areas. We first demonstrated 152 
that the parameters α and γ are linked to the evaporative fraction by a functional 153 
relationship, and that both could be expressed as a function of EF, therefore providing 154 
a theoretical basis for our basic assumption. In a second step, we proposed an EF-155 
based parameterisation of α, using ground flux data sets obtained at four flux-tower 156 
sites in West African countries (Mali, Benin, Niger) that differ in surface conditions 157 
and Monsoon influence. Finally, we investigated whether the ET-retrieval method 158 
using the new parameterisation of α could perform better than the classical 159 
formulation through VI-based relationships. 160 
 161 
2. Materials and Methods 162 
 163 
2.1. Sites description 164 
The data used for the validation in this study were provided by sites managed by 165 
AMMA (African Monsoon Multidisciplinary Analysis) partners within the AMMA-166 
Catch observation system (Lebel et al., 2009). Information on AMMA project can be 167 
found at http://amma-international.org/. One of the main objectives of AMMA was to 168 
improve the knowledge and understanding of the West African monsoon and its 169 
variability with an emphasis on daily-to-interannual timescale. Figure 1 shows the 170 
location of the sites used in this study, which have contributed ground truth to 171 
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previous analyses of remote sensing data (Kergoat et al., 2011). The ground data used 172 
in this study included mainly net radiation, sensible heat flux, soil moisture at two 173 
depths and rainfall. 174 
 175 
2.1.1. Eguerit and Kelma sites (Mali) 176 
Mean annual rainfall over these two sites is around 370 mm, occurring from June to 177 
September with no rain at all from October to April (Frappart et al., 2009).  The 178 
landscape is dominated by grasslands growing on sandy dunes. Bare soil is also 179 
widely present in the area, either with rocks topped with gravels or loamy shallow 180 
soil. The remaining area consists of valleys and low-lands with clay soil (Timouk et 181 
al., 2009). The Eguerit site is located on a rocky surface, whereas the Kelma site lies 182 
on a clay soil, covered by acacia forest (de Rosnay et al., 2009). The clay soil presents 183 
a low permeability to water, and the consequence of this feature is that Kelma site 184 
gets completely flooded during the wet season. 185 
 186 
Figure 1: Location of the flux sites. Coordinates : Eguerit Lon -1° 23' 24" Lat 15° 30' 187 
0". Kelma Lon -1° 34' 12" Lat 15° 13' 12". Banizoumbou: Lon 2° 37' 48" Lat 13° 31' 188 
12". Bellefongou: Lon 1° 43' 12" Lat 9° 47' 24". 189 
 190 
2.1.2. Banizoumbou site (Niger) 191 
The studied area is located in the cultivated Sahelian environment of southwest Niger. 192 
The climate is semiarid with a potential evapotranspiration near 2500 mm yr-1 and a 193 
yearly mean rainfall of 570 mm. At the seasonal scale, 90% of the annual rainfall, 194 
mostly of convective origin, occurs from June to September. The natural vegetation is 195 
mainly woody savannah (dominant species: Acacia sp., Balanites aegyptiaca, 196 
Prosopis sp.) but under increasing land clearance most of the sandy slopes are now 197 
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covered by a patchwork of fallow (dominated by Guiera senegalensis) and rain-fed 198 
millet fields. On the plateaus, the vegetation consists of the typically semiarid banded 199 
vegetation pattern of “tiger bush” (Combretum micranthum, Combretum nigricans, 200 
Combretum glutinosum, Guiera senegalensis). In the more clayey valley bottoms, the 201 
original bushy vegetation (Piliostigma reticulatum, Bauhinia rufescens, Acacia sp.) 202 
has now almost disappeared for cultivation of some specific water-demanding 203 
domestic crops (cassava, groundnut or sorghum) (Leblanc et al., 2008). The flux 204 
station is located in a millet field (Cappelaere et al., 2009) 205 
 206 
2.1.3. Bellefoungou site (Benin) 207 
Over this site, annual rainfall is 1200 mm, with 60% of the annual rainfall 208 
concentrated between July and September. The wet season extends from April to 209 
October. However, isolated rainfall can occur throughout the year, with the lowest 210 
probability during December and January. Natural vegetation is composed of a 211 
patchwork of dry forests and savannah, with dense and tall herbaceous strata, mainly 212 
composed of perennial grasses, and more or less dense woody strata. The original 213 
landscape has been modified by increasing cropping practices  (Seghieri et al., 2009). 214 
The flux station is set over a clear forest. Trees are more than 10m high and less than 215 
15m.  They keep their leaves during the entire year except 2 months in December and 216 
January, but all species are not in phase. The surface characteristics are from loamy 217 
sand to sandy loam. An herbaceous strata grows between trees, being more dense 218 
where trees are more sparse. This forest site is quite different from the acacia forest of 219 
the Kelma site which is flooded during the wet season. 220 
 221 
2.2. Data 222 
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2.2.1. Ground-based data 223 
Net radiation data  224 
All the sites were equipped with identical sensors to monitor the components of the 225 
net radiation at the surface (4-component sensor Kipp&Zonen CNR1 Radiation), 226 
except for the Bellefoungou site for which a NR-Lite sensor (for net long wave 227 
radiation) and two Skye pyranometers (for upward and downward solar radiation) 228 
were installed at 5m high. The albedo values used in this study were calculated from 229 
the ratio of the reflected to incident shortwave radiation provided by the sensors. The 230 
station was installed in an open area and the estimated albedo was not affected by 231 
shading except in the early morning and late afternoon. 232 
 233 
Flux tower data  234 
The sensible turbulent flux was measured by means of the eddy-covariance (EC) 235 
technique. The flux stations consisted of a three dimensional sonic anemometer 236 
(Model R3-50, Gill Solent Instruments, Lymington, UK) which provided 237 
measurements of the fluctuations of vertical velocity and air temperature. The sonic 238 
anemometer was controlled by a specially designed solid state logger (Center for 239 
Environment Hydrology, Wallingford, UK) which recorded the 20 Hz raw data and 240 
the 30 minute average of fluxes. More details of the complete installations and data 241 
processing can be found in Mougin et al (2009) for Eguerit and Kelma, in Ramier et 242 
al. (2009) for Banizoumbou and at the AMMA-CATCH website 243 
http://www.lthe.fr/catch/observation/measurement_doc/EF9_AE.H2OFlux_Odc_en.p244 
df for Bellefoungou. A detailed description of surface flux measurements for all sites 245 
can also be found in Lloyd and Taylor (2005).  246 
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2.2.2. Satellite data 247 
The triangle method was applied using MODIS-Terra products. MODIS products are 248 
available freely for the science community which makes its use very attractive. Terra 249 
was the first EOS satellite launched, in December 18th, 1999, with MODIS as one of 250 
the five sensors onboard.  The MODIS products used in this study were MOD11A1 251 
(LST product) and MOD13A2 (Vegetation Indices). The current study was carried out 252 
at a regional scale, therefore the spatial resolution of 1 km provided by MODIS was 253 
considered adequate. 254 
 255 
2.3. EF-retrieval method 256 
The “triangle” method was first introduced by Price (1990) and later elaborated upon 257 
by Carlson et al. (1994; 1995), Moran et al. (1994), Gillies and Carlson (1995), 258 
Lambin and Ehrlich (1996), Owen et al. (1998), and Jiang and Islam (1999; 2001; 259 
2003; 2004). This method was adopted and successfully applied to retrieve EF, ET 260 
and soil moisture by a number of researchers. Carlson (2007) gives an overview of the 261 
use of the “triangle” method for estimating ET and soil moisture. The basis of the 262 
methodology is the existence of a physically meaningful relationship between the 263 
evaporative fraction and a combination of remotely sensed spatial parameters, Ts 264 
(surface temperature) and NDVI (the Normalized Difference Vegetation Index). The 265 
scatter plot of Ts versus NDVI usually presents a triangle shape whose boundaries are 266 
interpreted as limiting surface fluxes, the upper limit being the warm edge and the 267 
lower limit being the cold edge. The version used in this study is the one proposed by 268 
Jiang and Islam (2001). The reader is referred to this paper and to Stisen et al. (2008) 269 
for the detailed description of the method.  270 
 271 
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2.4. Basis of the proposed parameterisation scheme 272 
The evaporative fraction EF is defined as: 273 
  EF = λE/(Rn –G)      (2) 274 
Expressing the ground heat flux as a function of net radiation 275 
  G = α Rn       (3) 276 
and sensible heat flux 277 
  G = γ H       (4) 278 
and rearranging with Eqs. 1 and 2 supplies the following functional relationships 279 
between EF, α and γ: 280 
α−
α
γ−= 1
11EF       (5a) 281 
)EF1(1
)EF1(
−γ+
−γ=α       (5b) 282 
)EF1(
1
)1( −α−
α=γ       (5c) 283 
It should be noted that Eqs.5a, 5b and 5c are alternative – and equivalent - formulae to 284 
express the surface energy balance (Eq.1) in a non-dimensional form through EF, α 285 
and γ. Eq. 5a indicates that EF decreases with increasing α for a fixed γ value and 286 
increases with increasing γ for a fixed α value (Fig.2). Note that: 287 
- for a given value of EF, there are several pairs of values (α, γ) that could be 288 
solution of the equation; 289 
- for high positive values of γ, EF tends towards 1 and is practically insensitive 290 
to α; 291 
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- EF and α being positive during daytime , their values could be constrained 292 
within realistic lower and upper limits, whereas γ is not constrained – like the 293 
Bowen ratio - and could reach very high values (H ≈0) or could be negative 294 
(H<0) in case of local advective process (Fig. 2). 295 
 296 
In this study, ground data were available of the ratio H/Rn , which is equal to α/γ: 297 
γ
α=×=
nn R
G
G
H
R
H        (6) 298 
We have therefore two equations (Eqs. 5 and 6) and three unknowns. It is necessary to 299 
make a plausible assumption about one of the unknowns to compute the two others. 300 
For the dry season, it was assumed that EF was equal to 0 (section 2.5). For the wet 301 
season, we used a plausible predetermined value of γ (section 2.6). Once the 302 
parameters were identified at each site (hereafter, with subscripts ‘wet’ and ‘dry’ 303 
respectively for the wet and dry season), they can be plotted in the EF-α (or EF-γ) 304 
space and used to derive a possible general relationship between the site-average 305 
values of EF and α - or γ - that can be used to predict G from EF. These seasonal 306 
values of EF, α and γ  characterise the average energy balance at each site.  307 
 308 
Figure 2: Graphical representation of Eq. 5a showing the dependency of EF on α for 309 
different γ values. The two arrows represent plausible ranges for α at high (> 0.75) 310 
and low (≈ 0) EF. Negative values of γ correspond to advective conditions (EF>1). 311 
The thick curve represents the relationship between EF and α for γ = 0.3. The 312 
parameter α was constrained to the interval 0<α<0.6. 313 
 314 
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2.5. Parameter identification for the dry season 315 
EF at the apogee of the dry season can be assumed to be equal to zero at the Sahelian 316 
sites (Banizoumbou, Eguerit and Kelma). For EF = 0, we get: 317 
dry
dry
dry 1 α−
α=γ       (7a) 318 
That is, as Hdry/Rn,dry = αdry/γdry, with Rn,dry being the value of the net radiation 319 
observed at the time Hdry occurred, we get 320 
αdry = 1 - (Hdry/Rn,dry)      (7b) 321 
We calculated αdry and γdry from the ground data sets for the 15 highest values of the 322 
ratio Hdry/Rn,dry observed at 11h (MODIS-Terra overpass time) at the four sites and for 323 
sunny days of the dry season. The average value and standard deviation of the 15 324 
values of αdry and γdry at 11h were determined. For the semi-tropical site 325 
(Bellefoungou), evaporation during the dry season was small, yet not negligible and 326 
EF cannot be taken as 0. We therefore determined a proxy for EFdry using the 327 
minimum value of EF provided by the triangle method (EFdry ∼0.15), and derived the 328 
corresponding values of αdry and γdry at Bellegoungou, corresponding to the 15 highest 329 
values of Hdry/Rn,dry. The normalised difference vegetation index (NDVIdry) and 330 
ground albedo (adry) and their standard deviations were calculated for the same days. 331 
2.6. Parameter identification for the wet (monsoon) season 332 
To identify the parameter values in the wet season, for which EF values were 333 
unknown, it was necessary to guess a plausible mean value of one of the two other 334 
unknowns, α or γ. Under high evapotranspiration rate, α is generally small, varying in 335 
the range 0<α<0.10. In this range, the assumption that γ is close to 0.30 might be 336 
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quite realistic (Fig. 2). We therefore derived the instantaneous and mean values of EF 337 
and α using this assumption. In a similar way to the procedure applied for the dry 338 
season, we selected the 15 days with the lowest value of the ratio Hwet/Rn,wet, which 339 
were likely to correspond to the days with the highest evaporation fraction at each 340 
site. 341 
2.7. Retrieved values of H and performance assessment 342 
Replacing G by αRn in the energy balance equation and rearranging, the retrieved 343 
values of Hr were obtained from: 344 
 345 
nTr REFH )1()1( −−= α       (8) 346 
 347 
where EFT is the evaporative fraction retrieved by the triangle method. 348 
The predictive performance of the different G–parameterisation schemes were 349 
assessed by means of the root mean square error (RMSE) and mean bias error (MBE) 350 
of the resulting retrieved values (Hr) with respect to the observed values (Hobs). 351 
 352 
3. Results  353 
 354 
3.1. Parameterisation of γdry and αdry  355 
Dry season 356 
The average values of surface parameters (αdry, γdry, NDVIdry, adry) and fluxes (Rn,dry, 357 
Hdry, Gdry) at the four sites in the dry season are presented in Table 1. The average 358 
values of αdry and γdry, varied in the interval [0.19-0.28] and [0.28-0.40], respectively, 359 
the highest value being found for Eguerit, the less vegetated site, with an average 360 
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value of Gdry of 127 W m-2, i.e. approximately 25-30% higher than the values found 361 
for the other sites (G ≈ 100 W m-2). The variability of αdry and γdry was higher than 362 
that of NDVI and albedo, and the variability of G higher than that of H. The latter 363 
suggests that changes in Rn affected proportionally more G than Hs under dry 364 
conditions. The explanation might be that G depends mainly on Ts while H is driven 365 
by the surface–to-air temperature gradient, Ts – Ta, which is less sensitive than Ts to a 366 
change in Rn. Overall, the variation range and order of magnitude observed for αdry, 367 
γdry and G were plausible. 368 
 369 
Table 1: Mean values of surface parameters (αdry, γdry, NDVIdry, adry) and fluxes 370 
(Rn,dry, Hdry , Gdry) at the four sites in the dry season. In parenthesis, standard 371 
deviation 372 
 373 
Wet season 374 
In the wet season, the values of αwet (assuming γwet =0.30) were found to vary in the 375 
interval [0.02-0.09] and EFwet in the interval [0.68-0.94] (Table 2). As expected, the 376 
lowest values of Hwet and Gwet were observed at the Sudanian site (Bellefoungou) 377 
where the West African Monsoon is most intense, and at the Sahelian site of Kelma, 378 
subject to flooding. The highest values were observed at the Sahelian sites of 379 
Banizoumbou and Eguerit, where the Monsoon influence is substantially attenuated. 380 
 381 
Table 2: Mean values of surface parameters (αwet, γwet, NDVIwet awet, EFwet) and fluxes 382 
(Rn,wet, Hwet , Gwet) at the four sites in the wet season. In parenthesis, standard 383 
deviation. 384 
 385 
3.2. Representation in the EF-α space  386 
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When plotted in the EF-α space, the seasonal mean values of α showed a clear 387 
decreasing trend with increasing EF (Fig.3). A linear regression was fitted to these 388 
mean values, yielding the following empirical relationship between the site-averaged 389 
values of α and EF obtained for the dry and the wet season (R2 = 0.96): 390 
 391 
23.0EF22.0 +−=α       (10a) 392 
 393 
Note that this relationship is close to the α - EF relationship provided by Eq. 5b for γ 394 
= 0.30 (Fig.3): 395 
)EF1(3.01
)EF1(3.0
−+
−=α       (10b) 396 
In the following, Eq. 10a was used as the parameterisation formula linking α to EF  397 
 398 
Figure 3: Relationship α vs EF. Points are average-site values of the dry and wet 399 
season (Tables 1 and 2). The dashed line is the linear regression fitted to the points 400 
(Eq. 10a). The thick line (γ = 0.3) is Eq. 10b. 401 
 402 
3.3. Relationship between α and surface attributes (NDVI, a) 403 
Plotting the site-average values of α against the corresponding average NDVI values 404 
(Fig. 4) revealed that there was no clear correlation between the two surface 405 
attributes. Rather, it was found a clear separation between the dry and wet seasons, 406 
with two clusters, one corresponding to high values of α and the other to low values. 407 
Therefore, α could not be accurately described over the whole range of EF when 408 
considering NDVI as the only explicative variable.  409 
In the same figure, three formulae proposed in the literature are also shown: 410 
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- the linear function proposed by Su (2002): 411 
 412 
   α = α0 + (αmax-α0) (1-fc)     (11a) 413 
 414 
 where α0 = 0.05 and αmax=0.315. The parameter fc is the cover vegetation fraction 415 
computed as fc = (NDVI-NDVImin)2/(NDVImax-NDVImin)2, with NDVImin = 0.08 416 
(observed at Eguerit) and NDVImax = 0.86 (observed at Bellefoungou). 417 
 418 
- the formula of Bastiaanssen (2000) 419 
 420 
α = 0.20 (1-0.96 NDVI4).     (11b) 421 
 422 
- the function proposed by Moran et al (1994) 423 
 424 
α = 0.583 exp(-2.13 NDVI)     (11c) 425 
 426 
None of the above empirical formulae captured the annual changes in α, as shown by 427 
the two distinct clusters of points (Fig.4). Rather, it appears necessary to use two 428 
distinct equations for α, one for the dry season, and another one for the wet season.  429 
 430 
Figure 4: Evolution of α vs NDVI for the dry (open squares) and wet season (black 431 
circles). The dashed line is the function proposed by Moran et al., 1994: α = 0.583 432 
exp(-2.13 NDVI), the cross-line is the formula of Bastiaanssen et al. (2000)  α = 0.20 433 
(1-0.96 NDVI4). The continuous curve is the function proposed by Su (2002): α = α0 434 
+ (αmax-α0) (1-fc) where α0 = 0.05 and  αmax=0.315. fc being the cover vegetation 435 
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fraction computed as fc = (NDVI-NDVImin)2/(NDVImax-NDVImin)2, with NDVImin = 0.08 436 
(observed at Eguerit) and NDVImax = 0.86 (observed at Bellefoungou). 437 
 438 
 439 
Plotting the site-average values of α against the corresponding average albedo values 440 
(Fig. 5) led to the same conclusion as that drawn for NDVI, that is, there was a clear 441 
separation between the dry and wet seasons that cannot be accounted for by a unique 442 
relationship between α and surface albedo. 443 
 444 
Figure 5: Evolution of α vs albedo for the dry (open squares) and wet (black circles) 445 
season. 446 
 447 
3.4. Performance assessment of the parameterization schemes 448 
A total of 451 retrieved values of H from MODIS-Terra overflights throughout the 449 
years 2005-2007 at the four sites were used to assess the performance of the new 450 
parameterisation scheme combined to the triangle method. Our ground reference 451 
values were the observed values of H (Hobs) obtained from the flux-tower 452 
measurements. The values of retrieved sensible flux, were calculated by means of Eq. 453 
8, using the observed values of Rn, Rn,obs. The calculations were performed for four 454 
different parameterizations of G: 455 
 456 
- Par-1: G was estimated from the relationship α vs EF established in this study 457 
and given by Eq. 10a;  458 
- Par-2; G was calculated following Su (2002), with α linked to the cover 459 
fraction, fc, through Eq. 11a; 460 
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- Par-3: G was predicted from the formula proposed by Bastiaanssen (2000), 461 
(Eq. 11b); 462 
- Par-4: G was estimated from the formula proposed by Moran et al (1994), with 463 
α given by Eq. 11c. 464 
 465 
The values of the statistical estimators RMSE and MBE of the relationship Hr vs Hobs 466 
(Table 3) indicated that there was a clear improvement of the predictions when using 467 
Par-1 for all sites, with respect to the VI-based parameterisation (Par-2 to Par-4). 468 
Among the latter, Par-3 was performing the best. Pooling the data of all sites, RMSE 469 
was 41.5 W m-2 and MBE was -11.2 W m-2 for Par-1, compared to 65.5W m-2 and -470 
51.3 W m-2 for Par-2, 50.4 and -25.1 W m-2 for Par-3 and 83.7 and -65.1 W m-2 for 471 
Par-4.  To highlight the negative bias occurring in all the sites, the regression Hr vs 472 
Hobs, using the best-performing parameterisation (Par-1) is presented in Figure 6 473 
together with the regression lines. Underestimation of H occurred mainly in the upper 474 
range (H > 300 W m-2).  475 
 476 
Table 3: Statistical estimators (RMSE and MBE, in W m-2) of the regression analysis 477 
between Hr and Hobs 478 
 479 
Figure 6. Comparison between retrieved (using Par-1)  and observed sensible heat 480 
flux for (a) Banizoumbou (b) Eguerit  (c) Kelma (d) Bellefoungo (e) all sites (pooled 481 
data). Dashed lines = linear regression, dotted lines = 1:1 relationship. 482 
 483 
 484 
The Hr and λEr mean relative difference of the VI-based formulae with respect to the 485 
EF-based formula highlighted a general underestimation of the VI-formulae (Table 4). 486 
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The smallest differences with Par-1 were found for Par-3 (-10% and -8% respectively 487 
for Hr and λEr). The reason for the relatively close agreement between Par-1 and Par-488 
3 predictions could stay in that (i) Par-3 predicted similar values of α as Par-1 for the 489 
dry season (Fig.4) and (ii) differences in α for the wet season were not very critical 490 
when retrieving ET at high EF because of the small relative weight of the ground heat 491 
flux in the energy balance. This result underlined that a realistic estimation of the 492 
value of α in the dry season is one of the main requirements to get reliable values of 493 
the other terms of the energy balance in semi-arid regions. 494 
 495 
Table 4: Mean values (W m-2) of retrieved fluxes (G, H and λE) and relative mean 496 
differences (RMD, %) of VI-based values (Par-2, Par-3, Par-4) with respect to the 497 
values supplied by Par-1 498 
 499 
The estimated values of α obtained from Par-1 presented a significant level of 500 
correlation with NDVI (R2 = 0.44). This result indicated that Par-1 was able to 501 
include – at least partially – the influence of NDVI on the ground heat flux. 502 
4. Discussion  503 
 504 
4.1. Performance of the EF-based parameterisation 505 
Our study confirmed the general validity and reliability of the triangle method (Jiang 506 
and Islam, 2001; Batra et al., 2006; Stisen et al., 2008), and its robustness. The 507 
statistical estimators RMSE and MBE obtained with Par-1 for the sensible flux were 508 
about 40 Wm-2 and -10 Wm-2, respectively (Table 3). This is an acceptable 509 
performance when compared with the range of errors quoted for the latent flux λE. 510 
Kalma et al. (2008) performed a reanalysis of 30 published validations to estimate λE 511 
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from remote sensing, and showed that the average RMSE was about 50 W/m2, 512 
ranging from 20 to 132 W/m2. The errors obtained in the current study were also 513 
similar to other validation studies using the triangle method carried out for different 514 
sites and satellites’ sensors, such as Southern Great Plains in the US with AVHRR 515 
and MODIS (Jiang and Islam, 2001; Batra et al., 2006) or Northern Senegal in 516 
Western Africa with MSG-SEVIRI sensor (Stisen et al., 2008) 517 
However, the difficulty in ‘guessing’ the wet edge in absence of fully wet pixels may 518 
lead to large uncertainties. This appears to be the main limitation of the method under 519 
dry and arid climates, as highlighted in this study by the systematic underestimation 520 
of H - and therefore, overestimation of λE - under very dry conditions (H> 300  521 
W m-2) and for all sites (Fig. 6). The underestimation was especially strong for 522 
Eguerit (Fig. 6b) where almost all the predicted values were underestimated, with 523 
some errors reaching -150 W/m2. Note that Eguerit is the driest and the less vegetated 524 
of the four sites, and that the triangle method is especially prone to significant errors 525 
in determining the wet edge of the LST-NDVI space in very dry areas lacking of 526 
’wet’ pixels. The highest deviations could therefore be attributed to the retrieval 527 
algorithm rather than to the parameterisation approach of the soil heat flux. 528 
 529 
4.2. Advantages and limitations of the EF-based parameterisation 530 
The parameterisation scheme proposed in this work has the important advantage of 531 
being simple to apply, to be parsimonious in input requirements and to be based on a 532 
robust hypothesis, the decrease of G and H with increasing EF (i.e. with increasing 533 
soil moisture and/or vegetation cover). The method could potentially be applied to 534 
any semi-arid area with contrasted dry and wet seasons. Another advantage of the EF-535 
based parameterisation is that EF includes the effects of the prevailing weather 536 
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conditions and soil moisture regime at satellite overpass, whereas vegetation indices 537 
are varying slowly, and cannot account for sudden changes in weather or in recent 538 
rainfalls that modify the soil water status. In other words, EF captures the effect of 539 
rapid changes in aerial environment and soil moisture while vegetation indices 540 
respond to these changes with a large delay. This is the main argument in favour of 541 
the EF-based parameterisation  542 
Our results also indicated that the choice of a vegetation index (NDVI, fc) as predictor 543 
of α is likely to be the main cause of the relatively poor performance of the VI-based 544 
formulae (Table 3). The reason is that VIs cannot account for the contrasted soil 545 
moisture regimes of the dry and wet seasons. A possible recommended option would 546 
be to use two distinct α-VI relationships, one for the dry season and the other one for 547 
the wet season. 548 
It has been recognised several limitations inherent to the choice of Rn as predictive 549 
variable. Santanello and Friedl (2003) and Murray and Verhoef (2007a,b), among 550 
others,  pointed out that G vs Rn relationships cannot account for the dependency of G 551 
on soil moisture and ignore the asymmetry in the diurnal variation of G relative to Rn. 552 
With the new parameterisation, the first drawback was minimised as α was expressed 553 
as a function of EF, which implicitly accounts for soil moisture and evaporation. The 554 
second drawback - asymmetry between G and Rn - implies that the proposed 555 
parameterisation (e.g. Eq. 10a or 10b) would be valid only at the overpass time of 556 
MODIS-Terra. Applying the same equation to other hours of the day might be 557 
hazardous, as a lag exists between G and H which peaks at different hours (Santanello 558 
and Friedl, 2003).  559 
To elucidate this point, we calculated the values of αdry at the four sites for each hour 560 
of the period from 9:00 to 15:00, in the same way we did for the Modis-Terra 561 
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overpass time (Section 2.5). The results (Figure 7) showed that, during the dry season, 562 
the parameter αdry decreased from a maximum in the early morning (09:00) towards 563 
lower values or even negative values in the mid-afternoon hours. 564 
 565 
Figure 7: Values of αdry for each hour of the period 9.00 to 15.00 h. Symbols: circles 566 
= Bellefoungou; squares = Kelma; triangles = Eguerit; diamond =Bani. The curves 567 
are the best fit of Eq. 12 (SF-model) to the points. 568 
 569 
The decreasing trend was well described by the empirical model proposed by 570 
Santanello and Friedl (2003), hereafter noted SF: 571 
 572 
⎥⎦
⎤⎢⎣
⎡ +π=α
B
)t(cosA 108002        (12) 573 
 574 
where t is time of day in seconds (t = 0 at solar noon). The coefficients A (i.e., the 575 
maximum value of α) and B (indicative of the time lag between G and H) are 576 
adjusting factors which were set at 0.31 and 74,000 s respectively in the original SF-577 
model. This relationship has been proven to provide improvement to estimated values 578 
of G (Chehbouni et al., 2008).  579 
The SF- model adjustment was performed only for the dry season, for which αdry 580 
could be determined with reasonable accuracy from the procedure described in 2.5. 581 
For the wet season, the high uncertainty and relative errors on αwet and its small range 582 
of variation prevent the same type of exercise. The best fit values of the parameters 583 
for the dry season (Adry  and Bdry) at the four sites, by minimising model RMSE are 584 
presented in Table 5. The Adry values ranged in the interval [0.24-0.35], with the 585 
lowest value found at the semi-tropical site (Bellefongou) and the highest value at the 586 
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driest site (Eguerit). The coefficient Bdry varied in the interval [75000 - 96500], with 587 
the lowest value for Bellefongou and the highest value for Kelma (acacia forest site). 588 
Both coefficients – especially Adry - were well correlated with NDVIdry (Fig. 8a-b), 589 
and could be predicted by means of the following linear relationships:  590 
 591 
Adry= -0.31 NDVIdry + 0.37  R2 = 0.86   (13) 592 
 593 
Bdry = -50900 NDVIdry + 97160 R2 = 0.65   (14) 594 
 595 
The SF-model combined with Eqs. 13 and 14 supplied a fair prediction of α (Fig.8) 596 
and could be considered as a robust alternative to estimate α from NDVI when EF is 597 
very small (e.g., EF < 0.1).  598 
 599 
Figure 8: Relationship between observed (αobs) and estimated (αest) values  of α = 600 
G/Rn. Estimates from the SF-model with Adry  and Bdry given by  Eqs. 13 and 14. The 601 
line is the linear regression αest.= 0.96 αobs + 0.01 (R2= 0.94, RMSE = 0.029) 602 
 603 
Overall, the latter results reconciled partly the VI- and EF-based schemes. We 604 
demonstrated that the VI-based scheme could be applied for the dry season through a 605 
specific parameterisation of the SF-model. It is very likely that this parameterisation 606 
would not be valid for the whole year (see Fig.4) and that a specific parameterisation 607 
of the SF-model should be searched for the wet season. The latter suggests that 608 
surface moisture rather than VI is the primary factor that drives the annual trend of α. 609 
As the EF-scheme accounts for the surface moisture through EF, it can be applied 610 
over the whole year, independently of the season. 611 
 612 
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To conclude, our EF-based parameterisation scheme, applicable to the whole range of 613 
EF, appears more robust than other existing empirical methods as it implicitly 614 
includes the effect of soil moisture and soil properties. It also relies on a more solid 615 
theoretical basis as we established that α is functionally related to EF. Besides, it was 616 
demonstrated that, under dry surface conditions (lower range of EF), the diurnal 617 
asymmetry between G and Rn at each site could be accounted for by linking the 618 
coefficients of the SF-model to NDVI.  619 
 620 
These parameterisations provide empirical but practical alternatives to the universal 621 
but more complex method based on solving the physically-based equations that 622 
describe the process of soil heat conduction. The choice between the two approaches 623 
should be made in function of the available input data on physical properties and 624 
water status of the soil, keeping in mind that the empirical approach is much less 625 
demanding in input data and computational process than the physically-based 626 
approach. 627 
 628 
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 1 
Table 1: Mean values of surface parameters (αdry, γdry, NDVIdry, adry) and fluxes (Rn,dry, Hdry , Gdry) at the four sites in the dry season. In 2 
parenthesis, standard deviation 3 
 4 
Site αdry γdry NDVIdry  adry Rn,dry (W m-2) Hdry (W m-2) Gdry (W m-2) EFdry (fixed) 
Banizoumbou 0.24 (±0.06) 0.31 (±0.10) 0.16 (±0.01) 0.37 (±0.02) 407 (±24) 321 (±19) 97 (±26) 0 
Eguerit 0.25 (±0.11) 0.36 (±0.19) 0.11 (±0.02) 0.23 (±0.03) 485 (±65) 359 (±13) 127 (±39) 0 
Kelma 0.19 (±0.0.04) 0.24 (±0.06) 0.16 (±0.03) 0.19 (±0.03) 504 (±16) 408 (±19) 96 (±23) 0 
Bellefoungou 0.22 (±0.12) 0.36 (±0.23) 0.42 (±0.05) 0.20 (±0.03) 479 (±43) 310 (±22) 106 (±29) 0.15 
 5 
6 
2 
 
 7 
Table 2: Mean values of surface parameters (αwet, γwet, NDVIwet awet, EFwet) and fluxes (Rn,wet, Hwet , Gwet) at the four sites in the wet season. In 8 
parenthesis, standard deviation 9 
 10 
Site αwet γwet (fixed) NDVIwet  awet Rn, wet (W m-2) Hwet (W m-2) Gwet (W m-2) EFwet 
Banizoumbou 0.05 (±0.01) 0.30 0.29 (±0.01) 0.30 (±0.02) 581 (±23) 95 (±27) 28 (±84) 0.83 (±0.04) 
Eguerit 0.09 (±0.02) 0.30 0.11 (±0.02) 0.22 (±0.02) 475 (±110) 141 (±48) 42(±14) 0.68 (±0.07) 
Kelma 0.02 (±0.01) 0.30 0.56 (±0.03) 0.09 (±0.01) 802 (±50) 49(±26) 15 (±8) 0.94 (±0.03) 
Bellefoungou 0.07 (±0.01) 0.30 0.58 (±0.13) 0.15 (±0.01) 689 (±74) 162 (±30) 49 (±9) 0.75 (±0.04) 
 11 
 12 
 13 
 14 
3 
 
 15 
Table 3: Statistical estimators (RMSE and MBE, in W m-2) of the regression analysis between Hr and Hobs 16 
 17 
 
Site 
Par-1 (Eq. 10a) Par-2 (Eq. 11a) Par-3 (Eq.11b) Par-.4 (Eq.11c) 
RMSE MBE RMSE MBE RMSE MBE MBE MBE 
Banizoumbou 37.6 0.5 52.8 -37.7 41.2 -14.5 70.6 -47.3 
Eguerit 41.3 -4.3 69.8 -58.3 47.9 -29.9 106.8 -58.3 
Kelma 41.4 -33.9 86.6 -77.3 56.9 -51.5 105.3 -90.3 
Bellefoungo 48.5 -22.4 70.8 -56 59.6 -42.5 62.7 -34.7 
All sites 41.5 -11.2 65.5 -51.3 50.4 -25.1 83.7 -65.1 
18 
4 
 
 19 
 20 
Table 4: Mean values (W m-2) of retrieved fluxes (G, H and λE) and relative mean differences (RMD, %) of VI-based values (Par-2, Par-3, Par-21 
4) with respect to the values supplied by Par-1 22 
 23 
 Par-1 (Eq.10a) Par-2 (Eq.11a) Par-3 (Eq.11b) Par-4 (Eq.11c) 
Mean Mean RMD Mean RMD Mean RMD 
G 52.4 124.0 ´+137% 90.9 +74% 159.0 +204% 
H 217.1 176.3 -19% 199.1 -10% 166.4 -25% 
λE 199.6 168.7 -19% 179.1 -8% 159 -26% 
 24 
25 
5 
 
Table 5: Values of the parameters Adry and Bdry (Eq. 12) and model RMSE at the four sites 26 
 27 
Site A B RMSE 
Banizoumbou 0.29 86500 0.017 
Eguerit 0.35 88000 0.028 
Kelma 0.32 96500 0.017 
Bellefoungou 0.24 75000 0.024 
 28 
 29 
 Figure 1: Location of the flux sites. Coordinates : Eguerit Lon -1° 23' 24" Lat 15° 30' 0". Kelma Lon 
-1° 34' 12" Lat 15° 13' 12". Banizoumbou: Lon 2° 37' 48" Lat 13° 31' 12". Bellefongou: Lon 1° 43' 
12" Lat 9° 47' 24". 
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 Figure 2: Graphical representation of Eq. 5a showing the dependency of EF on α for different γ 
values. The two arrows represent plausible ranges for α at high EF (EF > 0.75) and low EF (EF ≈ 0). 
Negative values of γ correspond to advective conditions (EF>1). The thick curve represents the 
relationship between EF and α for γ = 0.3. The parameter α was constrained to the interval 
0<α<0.6. 
 
 Figure 3: Relationship α vs EF. Points are average-site values of the dry and wet season (Tables 1 
and 2). The dashed line is the linear regression fitted to the points (Eq. 10a). The thick line (γ = 0.3) 
is Eq. 10b. 
 
 Figure 4: Evolution of α vs NDVI for the dry (open squares) and wet season (black circles). The 
dashed line is the function proposed by Moran et al., 1994: α = 0.583 exp(-2.13 NDVI), the cross-line 
is the formula of Bastiaanssen et al. (2000)  α = 0.20 (1-0.96 NDVI4). The continuous curve is the 
function proposed by Su (2002): α = α0 + (αmax-α0) (1-fc) where α0 = 0.05 and  αmax=0.315. fc being 
the cover vegetation fraction computed as fc = (NDVI-NDVImin)2/(NDVImax-NDVImin)2, with NDVImin = 
0.08 (observed at Eguerit) and NDVImax = 0.86 (observed at Bellefoungou). 
 Figure 5: Evolution of α vs albedo for the dry (open squares) and wet (black circles) season. 
 
 Figure 6. Comparison between retrieved (using Par-1)  and observed sensible heat flux for (a) 
Banizoumbou (b) Eguerit  (c) Kelma (d) Bellefoungo (e) all sites (pooled data). Dashed lines = linear 
regression, dotted lines = 1:1 relationship. 
 Figure 7: Values of αdry for each hour of the period 9.00 to 15.00 h. Symbols: circles = Bellefoungou; 
squares = Kelma; triangles = Eguerit; diamond =Banizoumbou. The curves are the best fit of Eq. 12 
(SF-model) to the points. 
 
 
 Figure 8: Relationship between observed (αobs) and estimated (αest) values  of α = G/Rn. Estimates 
from the SF-model with Adry  and Bdry given by  Eqs. 13 and 14. The line is the linear regression αest.= 
0.96 αobs + 0.01 (R2= 0.94, RMSE = 0.029) 
 
